Abstract. Among other outcomes, volunteer surveys are useful for evaluating conservation success and determining priorities for management actions. However, biases that can originate from untargeted and weakly structured surveys can undermine the utility of the data gathered. Identifying and rectifying biases and problems with such data require an understanding of the behaviour of volunteers. We explored the characteristics of volunteer behaviour using bird surveys conducted in south-western Australia, and evaluated how volunteer behaviour affects the quantity and quality of data when volunteers are unconstrained in their selection of survey sites. We related the home-range and site-fidelity of 172 volunteers to the availability of habitat and bird species. Habitat selection by volunteers was assessed using avian species-accumulation curves, which identified 12 habitats for which avian species inventories were <95% complete. Volunteer biases resulted in skewed representation of birds in the resulting dataset. We recommend the minimum sampling effort required for reliable species-richness estimates in each habitat, and suggest ways to achieve spatial representativeness by using different behavioural types. Volunteers with high site-fidelity (often locals) produce high species detection rates, and are useful for long-term monitoring or surveying in less-favoured habitats close to urban areas. Roaming volunteers (often tourists) with large home-ranges are useful for threatened species surveying and can fill gaps far from urban areas, but might require incentives to visit unfavoured habitats, given their high habitat and bird selectivity. By studying volunteer behaviour, we can set realistic goals to achieve a comprehensive dataset useful for research, management and conservation planning.
Introduction
Atlases are large-scale collections of standardised surveys that provide spatially explicit data on species occurrences, often compiled by volunteers over several years (Dunn and Weston 2008; Robertson et al. 2010) . These volunteers play a major role in ornithology and species conservation by conducting otherwise costly surveys, with little or no reimbursement of expenses (Greenwood 2007; Danielsen et al. 2009; Yaukey 2010) . This allows more funding to be diverted towards management and conservation, enabling limited resources to be focussed on priority species, habitats and sites. Bird atlassing has the potential to both inform and facilitate monitoring and research programs that can provide the understanding necessary for sound conservation management, research and evidence-based government policy (Greenwood 2007) .
Using citizen science to inform environmental management, policy and planning can lead to a more complete assessment of any problems and management options, as a result of the breadth of the data collected and its public availability (many atlases provide data at no cost to researchers). However, these benefits are tempered by the way in which the data were obtained (Ottinger 2010) . The ad hoc manner of surveying means that atlases can have spatial and temporal biases, often related to season (Peterson et al. 1998) , accessibility (Williams et al. 1996; Reddy and Dávalos 2003; Szabo et al. 2007) , attractiveness of sites (Romo et al. 2006; Boakes et al. 2010) , climate (Robertson and Barker 2006) and habitat (e.g. Szabo et al. 2007 ). In addition, absences of species records might reflect differences in species detectability, survey effort or observer ability rather than true absences, leading to erroneous estimates of species distribution and richness if species are actually present but remain undetected (Gu and Swihart 2004) . Incomplete or biased datasets can result in serious problems: for example, omission errors caused by under-estimating species richness and focussing only on known species occurrences can lead to identifying networks of areas for conservation action or policy implementation that are smaller than required, thereby affecting the comprehensiveness, representativeness and effectiveness of selected areas (Rondinini et al. 2006) .
Planners can improve the spatial or temporal spread of data collection in order to increase the quality, quantity and usefulness of volunteer-collected data and thereby reduce uncertainty. However, this requires coordination of the collection of data and ongoing communication of goals with volunteers, which have associated costs. An understanding of the source, magnitude and pattern of sampling errors and biases is therefore essential to ensure that limited funds for coordination and volunteer resources are not wasted in areas that have been adequately sampled (Barry and Elith 2006) . Data needs can then be translated to new objectives that specifically target under-sampled areas. With appropriate survey designs based on an understanding of volunteer behaviour and biases, improved planning (e.g. incentive mechanisms), and new methods of data analysis, volunteer-based atlases can provide more reliable data, consequently yielding less biased results (Mac Nally et al. 2004; Schmeller et al. 2009) .
Although knowing the motivation of volunteers is vital for managing this resource, little work has been done in this area. Unpaid volunteers could be more responsive to internal motivating factors compared with paid surveyors, as they are driven by perceived personal benefits of atlas work, including educational, recreational, social and environmental benefits (Weston et al. 2006; Thomsen 2008; Clayton and Myers 2009) . Previous surveys of volunteer birdwatchers in Australia have found that conservation of birds and of their habitats is their primary motivation (Weston et al. 2003 (Weston et al. , 2006 . In one survey over half of the respondents also thought it was important that the activity should be within 8-h drive from their home, and over 30% believed the activity should be within 2 h (Weston et al. 2003) . We therefore hypothesise that at least some volunteers have a well defined 'home-range' and are 'faithful' to certain sites ('sitefidelity'). In addition, if volunteers are motivated by conservation, their selection of survey sites within their home-range could relate to individual selection of habitats or birds, leading to differences in species detection between volunteers. There is a long history of home-range and habitat selection analyses in the ecological literature (e.g. Rosenzweig 1981; Aebischer et al. 1993; Hall and Mannan 1999; Rhodes et al. 2005) but to our knowledge these have not yet been applied to the analysis of human behaviour. We suggest that an analysis of the differences in volunteer homerange, site-fidelity and survey-habitat selection can improve retrospective exploration of the reasons behind biases, allowing prospective users of the dataset to evaluate whether areas of interest have been adequately sampled, and enabling data custodians to plan incentives for future atlas surveys.
In this study we present a new approach to understanding human behaviour related to citizen science, using analyses of the home-range and survey-habitat selection of volunteer bird surveyors. Our study area is south-western Western Australia (WA), a biodiversity hotspot known to support at least 8000 native plant and 280 native bird species (Mittermeier et al. 2004) . Over 93% of the native vegetation has been removed in less than 100 years (Saunders et al. 1993 ) making it one of Australia's most stressed landscapes (National Land and Water Resources Audit 2001). As various avian taxa are locally extinct or threatened (Garnett et al. 2011) , there is a serious need for monitoring and evaluation of the status and distribution of the region's species in order to make effective conservation decisions.
We investigated broad-scale volunteer behaviour by examining records from a bird atlas to identify characteristics that can assist with defining volunteer motivations, setting and communicating targets, and making recommendations for improved sampling. Our specific objectives were to:
(1) Explore spatial variation in sampling effort by volunteers and determine if bias in survey-habitat selection is occurring; (2) Evaluate the effects of spatial biases on the completeness of the dataset in favoured and unfavoured habitats using species-accumulation curves; (3) Investigate the behavioural characteristics of volunteers leading to habitat bias by determining volunteer home-range, site-fidelity, habitat selection and bird detection; and (4) Discuss how knowledge of differences in volunteer behaviour can be used to design sampling regimes that improve the usefulness of the dataset for prospective users.
Methods

Study area
Our study focussed on an extensive area (>350 000 km 2 ) of five natural resource management (NRM) regions in south-western WA (Fig. 1) . The smallest region, Swan NRM, covers 2% of the study area and supports 75% of the human population around Perth. The remaining regions are characterised by highly fragmented landscapes dominated by forests in the south-west and cropping and grazing land uses in the inland wheatbelt (Saunders et al. 1993) .
The birdwatcher dataset
We selected the spatial subset of the New Atlas of Australian Birds for 1997-2008 (Blakers et al. 1984; Barrett et al. 2003 ; http:// www.birdata.com.au/provision.vm, accessed 1 October 2012) for our study area (Fig. 1) . Bird surveys were conducted by volunteers using four methods: 2-ha area searches for 20 min, area searches within a radius of either 500 m or 5 km, both for at least 20 min, or incidental observations (Barrett et al. 2003 ; for details see http://www.birdlife.org.au/projects/atlas-and-birdata, accessed 1 October 2012). Each survey and observer has a unique code, and data recorded include all bird species observed, location coordinates and accuracy, and date, time and method of survey. We also had access to the postcodes of the home address of each volunteer. We converted survey locations into point coverage using ArcMap GIS 9.3 (ESRI Inc. 2008) . Surveys with <5-km accuracy (13% of records) were discarded, resulting in a final dataset of 26 423 surveys from 470 volunteers, with records of 321 species of bird.
Spatial bias in survey activity
Surveys were assigned to broad-scale units of remnant habitat type using a 1 : 250 000 resolution map of pre-clearing vegetation types reclassified to 25 broad habitats (Beard 1980a (Beard , 1980b ; for descriptions see Supplementary material Table S1 ). The proportion of the total area of remnant vegetation covered by each habitat was calculated. Observed and expected survey rates in each habitat were compared: observed survey activity was the total number of surveys in each habitat, expected survey activity was the fraction of total surveys in the database equal to the proportional cover of the habitat (Szabo et al. 2007) :
Expected survey activity ¼ ðarea of habitat Ä summed area of all habitatsÞ Â total surveys
Chi-square analyses were carried out in the software R (version 2.11.0; R Development Core Team 2010) to determine if all habitats were selected equally relative to their availability in the landscape. If habitats were not surveyed equally, habitat biases occurred.
Consequences of survey-habitat selection for estimates of species richness
We can assess the completeness of the avian species inventory and standardise comparisons of different inventories by using species-accumulation models (Soberón and Llorente 1993) . From the original 25 habitat types, 4 habitats (Blackbutt, Gimlet, Mallet and Moort woodlands) occupying <0.05% of the landscape had less than 10 surveys and were excluded from further analyses (Table S1 ). Additionally, 2 habitats (Flooded Gum and River Red Gum woodland) were combined due to small extent of occurrence to form the habitat type 'Other woodlands', resulting in 20 habitat types for analysis. In each habitat we fitted two asymptotic models, a linear dependence model and a Clench model (for details see Habitat and bird supplementary information of the Supplementary material) to the species-accumulation data following Soberón and Llorente (1993) .
The completeness of the avian inventories in each habitat was calculated as the proportion of the maximum species richness (asymptote) registered at the end of sampling. In this study we were interested in the relative completeness of sampling areas (habitats) rather than the absolute value (species detected). The effort required to register a species increases substantially as the proportion of species detected approaches the total number of species present (Soberón and Llorente 1993) , with 100% species richness by definition requiring infinite effort. Atlases often aim to obtain a list of the species present in an area as complete as possible (Robertson et al. 2010 ), so we selected 95% of the total species richness as a satisfactory level of data completeness for the purpose of making comparisons between habitat types for conservation planning.
Volunteer behaviour
We next investigated behavioural characteristics of the 172 volunteers that conducted more than 10 surveys in the study landscape (all volunteers conducting fewer than 10 surveys were excluded from the dataset). We first calculated each volunteer's 'species list' (the total number of species detected in all of that particular person's surveys during the time period and within the study area), survey activity (total number of surveys), centre of survey activity using the harmonic mean of each volunteer's survey points, the distances travelled using a 'point to polyline' tool that traces movement patterns from one site to the subsequent one surveyed, and site-fidelity, calculated as the number of repeat visits to sites as a proportion of the total number of surveys by a given volunteer. We used ArcView GIS 3.3 (ESRI Inc. 2002) in conjunction with the Animal Movement Spatial Analyst (AMSA) 2.04 extension (Spencer et al. 1990; Hooge et al. 1999) . Using the site-fidelity information we constructed two target groups: 'sitefaithful' surveyors (126 volunteers), which we defined as volunteers that return to the same area multiple times and hence exhibit significant site-fidelity (>50% repeat visits); and 'roaming' surveyors (46 volunteers) who showed 50% repeated site visitation. Finally, we determined each volunteer's 'home-range' using fixed kernel density estimator (KDE) home-ranges (Worton 1989; Marchesan and Carthew 2008) and a smoothing parameter obtained using least-squares cross validation (Seaman and Powell 1996; Hooge et al. 1999) . For each volunteer, we estimated the 'core surveyed area' (KHR50, which is the 50% KDE isopleth) and 'total travelled area' (KHR95, the 95% KDE isopleth). It should be noted that the home-range of each volunteer, as defined by this study, may not include the actual place of residence of the volunteer; rather, it describes the range of the surveyor's movements throughout the landscape. To compare the behaviour of these volunteers with previous studies that reported a strong influence of accessibility and distance from urban areas or the surveyor's home base (e.g. Williams et al. 1996; Dennis and Thomas 2000; Weston et al. 2003; Szabo et al. 2007) , we also calculated the mean distance to each volunteer's core surveyed area from Perth and from their home town.
To characterise survey-habitat selection by volunteers and determine the level of bias volunteers show in their use of habitats, we investigated whether habitats were sampled in proportion to the availability of the habitat within the volunteer's home-range. We first calculated the number of habitats visited by each volunteer within their KHR95 as determined by the locations of their recorded survey sites. The proportional habitat use (or habitat detectability) of each volunteer was the number of habitats selected divided by the total number of habitats available within their KHR95. We then calculated habitat selectivity (i.e. the selection of some habitats over others) as:
We used habitat selectivity values between 0.5 and 1 to indicate habitat selection (non-random use of habitat), and values from 0 to 0.5 to indicate non-selective sampling of habitats. We characterised bird-species selection by volunteers in a similar way to habitat selection, with:
Bird selectivity ¼ 1Àðbirds detected by volunteer Ä birds present within home-rangeÞ
To obtain selectivity for threatened species, we repeated this process for bird species listed as threatened fauna on the Wildlife Conservation Act 1950 in WA (47 declared threatened species, and a further 28 priority fauna). Mean species detection per volunteer (number of species per survey) was calculated as the total number of records for all species by a particular volunteer divided by the total number of surveys carried out by the same volunteer.
To determine if there was a clear dichotomy in behaviour of site-faithful and roaming volunteers, we used analysis of variance (ANOVA) in the software R (R Development Core Team 2010) to compare the variables described above for each target group. We present data as means AE standard errors. As behaviour is more likely to be continuous rather than a dichotomy, we explored the distribution of different behaviours using frequency histograms, and used univariate and bivariate generalised linear models (GLMs) in R software to investigate the effects of differences in volunteer behaviour on the detectability and recording of species. For all modelling analyses, continuous explanatory variables were first standardised by subtracting the mean and dividing by two standard deviations (Gelman and Hill 2007) . Preliminary analyses found strong correlations between volunteer and survey numbers in our dataset (Pearson's productmoment correlation, R 2 = 0.95, P < 0.001). We therefore used the number of surveys as an indicator of the number of volunteers in all analyses.
Models describing volunteer behaviours that cause bias
Statistical modelling followed an information-theoretic approach using AICc model selection (Burnham and Anderson 2002) . We first tested the following sets of hypotheses (Table S5) .
Model set 1 (16 models)
The number of species detected in each survey is most likely driven by site-fidelity by volunteers, because repeated site-visits allow for higher detection of cryptic, hard-to-identify or uncommon species (Field et al. 2002) . We also tested competing hypotheses, such as higher surveying activity by a volunteer in any area (i.e. not necessarily in the same site, but potentially over a large home-range) improving volunteer bird identification and therefore detection skills. The response variable was the mean number of species detected per survey by a volunteer, and the explanatory variables were fidelity, distance from home base, the volunteer's species list, survey activity, home-range, number of habitats visited, and whether the volunteer was from interstate.
Model set 2 (16 models)
The total number of threatened species recorded by a given volunteer is driven by distance or area travelled, along with the size of the volunteer's species list. This is because a proportion of birdwatchers known as 'twitchers' in the UK and Australia and 'listers' in the USA, will travel long distances and expend significant resources to see rare birds to add to their total list (Booth et al. 2011) . We also tested competing hypotheses that represented the potential for other factors such as site-fidelity, habitats visited, or survey activity to improve detection of threatened birds. The response variable was the total number of threatened species that had been recorded by a volunteer, and explanatory variables those described for Model set 1.
As we are ultimately interested in how volunteer behaviour and preferences influence the representativeness of data in the atlas and the level of bias in sampling, we also tested predictions relating volunteer habitat or bird selectivity to the behavioural characteristics above. Preliminary analyses indicated that habitat and bird selectivity were positively related (R 2 = 0.72, P < 0.001). As we cannot determine which is influencing the other, and do not know the factors driving these processes, we tested the following sets of hypotheses using GLMs (Table S9) .
Model set 3 (18 models)
Habitat selectivity by volunteers is driven by site-fidelity (with site-faithful volunteers likely to re-visit habitats that appeal to them rather than sampling all that are available). Competing hypotheses tested included the influence of distance from home base or area travelled (with volunteers that are travelling longer distances likely to be able to sample only a selection of the most appealing habitats), available habitats or birds, and activity (with more active surveyors more likely to have a chance to visit all habitats). The response variable was habitat selectivity (calculated as described above), and the explanatory variables those described for Model set 1, with the addition of the total number of birds and of habitats available within the home-range of the volunteer.
Model set 4 (18 models)
Bird selectivity by volunteers reflects a decision to seek out species of interest and is therefore most influenced by threatened species. Competing hypotheses tested were the same as for Model set 3. The response variable was bird selectivity (calculated as described above), and the explanatory variables were those in Model set 3.
Consequences of volunteer selectivity for planning future surveys
The final aim of our analyses was to consider how knowledge of biases in selection of habitats to survey or bird selectivity by volunteer surveyors might be used to inform planning for future surveys. We used information from all volumes of the Handbook of Australian, New Zealand and Antarctic Birds (HANZAB; Higgins 1990, 1993; Higgins and Davies 1996; Higgins 1999; Higgins et al. 2001 Higgins et al. , 2006 Higgins and Peter 2002) , to investigate the effects of bird selectivity on the types of species being detected by volunteers. Bird species were broadly categorised by migratory habits (migratory, nomadic or sedentary), structural habitat use (diverse, closed forest, mallee woodland, other woodland, mulga, thickets, heath, pastures and open country, chenopod, oceanic, coastal saltwater, coastal freshwater, inland salt lakes, inland freshwater, with some species allocated to more than one habitat), presence in urban parks and gardens, distribution in south-western Australia (all, coastal, inland, arid edge, or restricted pockets), and distribution in Australia (widespread or restricted). We also noted the status of the species from HANZAB as common, uncommon Higgins 1990, 1993; Higgins and Davies 1996; Higgins 1999; Higgins et al. 2001 Higgins et al. , 2006 Higgins and Peter 2002) , or listed as nationally threatened (Garnett et al. 2011) . We tested the following sets of hypotheses using GLMs (Table S13) .
Model set 5 (15 models)
The number of records for a species is influenced by its distribution and abundance, with the bird species likely to be recorded most frequently being widespread with unrestricted distributions (i.e. found in many habitats). Competing hypotheses included species occurring in urban areas where there are more people, those occurring in habitats with a satisfactory level of data completeness ('favoured' habitats), threat status and migratory habits. The response variable was the total number of records for each species in the dataset, and the explanatory variables were the characteristics derived from HANZAB as described above Higgins 1990, 1993; Higgins and Davies 1996; Higgins 1999; Higgins et al. 2001 Higgins et al. , 2006 Higgins and Peter 2002) .
Model set 6 (15 models)
The number of volunteers by which a particular bird species has been recorded is driven by characteristics of the bird that make it more appealing (e.g. threatened, migratory or endemic species). Competing hypotheses included the influence of avian habitat and distribution. The response variable was the total number of volunteers that recorded each bird species, and explanatory variables were those described for Model set 5.
Finally, to guide directed sampling in particular habitats, we created density maps of the combined home-ranges of each volunteer type and overlaid these on a map of the 12 undersampled habitat types to indicate which habitats are likely to be encountered by each volunteer type, and which habitats are unlikely to be visited.
Results
Distribution of survey activities
Observed survey rates in habitat types were significantly different from expected survey rates (Chi-square = 23 159.9, d.f. = 21, P < 0.0001; Fig. 2 ), indicating that habitat selection is occurring across the landscape. Restricted vegetation types, relative to overall cover of vegetation, with low expected survey counts, such as Tuart, Jarrah, Marri and Wandoo woodlands (Table S1) had the most surveys, whereas some habitats occupying a large proportion of the remnant vegetation (e.g. mallee woodlands, 23%) had significantly lower survey rates than expected (Fig. 2) .
Consequences of habitat biases for species richness
The species-accumulation curves and fitted models reached an asymptote for nine broad habitat types, whereas 12 habitats did not have sufficient data to estimate total species richness according to the Clench model (Table S2 , Figs S1-S3). The Clench model was always a better fit than the linear dependence model, and five habitats were estimated to have 100% data completeness. The linear dependence model predicted a lower asymptote than that predicted by the Clench model; this asymptote was generally lower than the total species richness already recorded for that habitat. Table 1 shows the required sampling effort to attain 95% inventory completeness for each habitat.
Volunteer behaviours contributing to bias
More than half of the volunteers (63%) entered multiple surveys into the dataset (range 1-7762, mean 55, s.e. 17), and 36% of volunteers recorded >100 surveys (Fig. 3a) . There were 126 volunteers classified as site-faithful (i.e. >50% of their surveys were repeat visits, with a mean of 81% being repeat visits), with the remaining 46 roaming volunteers having a mean of only 26% repeat visits ( ; roaming, 963-124 100 km 2 ), higher total recorded surveys (faithful, 13-1366; roaming, 12-287 ), and their home-ranges were on average closer to Perth (faithful, 10-689 km; roaming, 115-570 km) and to their home base (faithful, 1-6358 km; roaming, 13-4089 km) ( Table 2 , Fig. 3c, d ). Over half of roaming volunteers (57%) were from interstate, compared with only 8% of site-faithful volunteers.
The total number of species detected per volunteer (mean 62.0 AE 2.2), and the proportion of species on that list that were threatened (mean 5.8% AE 0.2), were significantly higher for roaming volunteers than for site-faithful volunteers (Table 2 , Fig. 3e, f) . This difference was also significant when the lists were controlled for survey effort ( Table 2 ). The longest total species list for any volunteer was 264 species (80% of all birds recorded). In contrast, the mean number of species detected per survey (faithful, 1. 1-40.6; roaming, 3.3-28.6 ) and mean number of records per species (faithful, 2.3-121.5; roaming, 1.4-21.4) were significantly higher for site-faithful volunteers than for roaming volunteers ( Table 2) . The best-supported model of species detected per survey included the total number of species on the volunteer's list and the home-range area of the volunteer (deviance explained 10.32%, AIC weight w i = 0.78; Table S6 , Model set 1). The next three best-supported models also included number of species on the volunteer's list, with additional variables of the distance (in km) to the centre of the home-range from the volunteer's home base, and volunteer site-fidelity. The final model-averaged parameters were (Table S7) 
This model indicates that volunteers who have detected and identified more species per survey have higher site-fidelity, travel shorter distances from their home base over a smaller homerange, and are more likely to have a longer total species list.
The best-supported model (73.82% deviance explained, w i = 0.87) describing the influence of behavioural characteristics on the total number of threatened species that a volunteer had detected included the total species list, and the volunteer's site-fidelity (Table S6 , Model set 2). The dominant effect explaining the number of threatened species detected was size of the volunteer's list (in the three top models), with the second-ranked Table 1 . Comparison of two models describing the growth of the cumulative species curve in 21 habitats surveyed, including the estimated sampling effort (expressed as number of surveys) required to record a satisfactory proportion (95%) of the species diversity Bold indicates more sampling required in 'unfavoured' habitats or habitats with incomplete data incomplete (see Table S1 for descriptions of habitats) model also including home-range area. Models with volunteer site-fidelity were not well supported. The final model-averaged parameters were (Table S8) This model indicates that volunteers who detect the highest number of threatened species have the longest lists, largest home-ranges and travelled the longest distances from their home base. The number of threatened species recorded decreases as site-fidelity increases.
Selectivity of habitat and birds
Proportional use of habitat was significantly higher for sitefaithful volunteers, who on average visited 50% of the available habitats (Table 2 , Fig. 3g ). Almost 20% of site-faithful volunteers visited every habitat available within their home-range, compared with roaming volunteers who on average visited <20% of the available habitats (Table 2, Fig. 3h) . Indeed, the model that best described the effects of volunteer behaviour on habitat selectivity included site-fidelity and survey activity (deviance explained 57.09%), with an AIC weight (w i = 1) ranking it conclusively above all other models (Model set 3, Table S10 of the Supple- Table S11) .
The proportion of all available species detected by site-faithful volunteers was higher than that of roaming volunteers (F = 28.0, P < 0.001; Table 2), with corresponding significantly higher bird selectivity in roaming volunteers (Table 2 , Fig. 3i, j) . The best-supported model for the influence of volunteer behaviour on bird selectivity (deviance explained 59.36%, w i = 1) included the availability of birds in the volunteer's home-range and the distance between the centre of the home-range and the volunteer's home base (Model set 4, Table S10 of the Supplementary material), with higher bird selectivity in volunteers with more birds available to them (b = 1.37 AE 0.03), who travel further from their home base (b = 0.22 AE 0.02) ( Table S12) .
Consequences of volunteer selectivity
A consequence of volunteer selectivity is that species were not equally recorded in the dataset. Of the 321 species detected in the study area, 13 (4%) were recorded only once, and 81 (25%) <30 times, including 14 species listed as threatened or of conservation priority (Table S3 ). Just over half of the bird records were of 28 species, over 75% of which are found in urban environments (Table S3 ). The conservation status of all 28 of these species is Least Concern (Garnett et al. 2011) , and one, the Laughing Kookaburra (Dacelo novaeguineae), is introduced to south-western Australia from eastern Australia (Slater et al. 2009 ). The Australian Raven (Corvus coronoides) was recorded most frequently (4% of records, 86% of all volunteers; Table S3 ). The mean number of volunteers detecting any one species was 82 AE 5 (i.e. an average of 17% of observers per species), with only 35 species observed by at least 50% of the volunteers. These 35 included the Western Rosella (Platycercus icterotis), a southwestern endemic and considered vulnerable under the WA Wildlife Conservation Act 1950, and two other endemic species (Red-capped Parrot, Purpureicephalus spurious; Western Spinebill Acanthorhynchus superciliosus). There were 23 species (7%) recorded by only one volunteer and 87 (27%) recorded by 10 or fewer volunteers. These 87 included 12 listed threatened or priority species (Table S3) . On average there were 31 AE 7 volunteers recording each threatened species. The threatened species that was recorded by the most volunteers was the Western Rosella (275 volunteers; Table S3 ); 19 threatened species were not recorded at all (Table S4) , and 20% of volunteers did not record a threatened species in their list.
The best-supported model (deviance explained 5.66%, w i = 1) for the frequency of survey records per bird species (Model set 5) included whether the species was urban and whether it was widespread (see Table S13 for parameter estimates), with the AIC weight ranking this model conclusively over all others (Table S14 ). The best-supported model (w i = 1) describing the number of volunteers recording a species in their list (Model set 6, Tables S10, S12 of the Supplementary material) included its distribution being widespread and whether the habitat was a habitat favoured by volunteers. The threat, endemism and migratory status of a bird were poor predictors of the number of surveys detecting it and the number of volunteers recording it (Table S14) .
The mean distance of under-sampled habitats from Perth ranged from 102.5 km (Flooded Gum woodland) to 400.5 km (mixed low woodland; Table 1), with an overall mean distance of 309.2 AE 28.2 km. Site-faithful habitat-selective volunteers had the highest densities close to Perth, in the nearby bare areas (up to 40 volunteers) and mixed low woodland (33 volunteers), as well as Salmon Gum and York Gum habitats (25 volunteers; Fig. 4a ). The density of site-faithful volunteers with <50% habitat selectivity was low in most unfavoured habitats, with highest numbers (up to 18) in the bare areas close to Perth, which include lakes, rock outcrops and mudflats (Fig. 4b) . Similarly, roaming volunteers were most frequent in unfavoured habitats closest to Perth ( Fig. 4c) , but there were also high densities in the inland eastern habitats (Salmon Gum, up to 29 volunteers; and mallee woodland, 35 volunteers) and northern habitats (Acacia shrubland, up to 21 volunteers) >300 km from Perth, and in the Yate woodland (up to 36 volunteers), York woodland (32 volunteers) and mixed low woodland (34 volunteers) of the south-west (Fig. 4c) .
Discussion
In recent years policy makers have launched international initiatives to stem the rate of loss of biodiversity resulting from human activities (Balmford et al. 2005a) . In order to evaluate success of such initiatives and to determine priorities for conservation actions, we need to expand and improve broad-scale monitoring databases (Balmford et al. 2005b) . Despite the high cost of surveys, few studies have considered how sampling takes place and who conducts it. This study provides a new way to understand the behaviour of atlassing volunteers who were unconstrained in their selection of sites. By using methods widely applied in animal ecology, such as determinations of home-range and site-fidelity, we characterised two types of volunteer (site-faithful and roaming volunteers), and identified behavioural characteristics, such as selection of habitat and birds, that affect the quantity and quality of data collected. This knowledge can assist with characterising the motivations of volunteers, making recommendations for improved sampling across the landscape (e.g. filling knowledge gaps in under-sampled areas), and communicating these targets to the volunteers who will ultimately carry out the surveys.
Consequences of habitat selection by volunteers
Our results suggest that better spatial replication of sampling in certain habitats is required for the data to be more useful for research and conservation planning. Chi-square analyses found biases in habitat sampling across the study area, with volunteer effort not being proportional to the extensiveness of most habitats. Species-accumulation curves allowed us to determine whether these biases had consequences for the quality of information from each of these habitats with regard to estimates of species richness, with 12 habitats requiring additional sampling at the coarse scale we evaluated here (e.g. up to 180 additional samples needed in mixed low woodland; Table 1 ), despite more than 12 years of sampling. The habitat types with a satisfactory level of data (at least 95% of the estimated species richness already sampled) are mostly medium to tall woodlands located in the south-west of the study area and close to Perth. There are some exceptions, for example the highly surveyed proteaceous scrub-heath generally occurs further from Perth (>300 km on average). This habitat supports hundreds of plant species per square kilometre (785 species of Myrtaceae and 684 species of Proteaceae alone; Beard 1980a; Beard et al. 2000; Hopper and Gioia 2004) , and the floral diversity attracts large numbers of avian and human visitors, especially during flowering. Under-sampled habitat types are also home to threatened and locally endemic plants and birds (Beard 1980a; Beard et al. 2000) , although these habitats are found far from Perth, generally in the wheatbelt where most of the vegetation (130 000 km 2 ) has been cleared (Saunders et al. 1993) . Volunteers (in particular those limited by time, such as interstate visitors or those who live close to Perth) might therefore find these habitats less attractive or more difficult to visit.
We found that the more surveys a volunteer undertakes, and the more faithful they are to the sites visited, the less selective they are of the habitats they visit (Model 1 in Model set 3; Tables S10, S11). Site-fidelity is a useful volunteer characteristic as it increases the likelihood of rare or cryptic birds being detected that might be missed if the location is visited only once, but there is a trade-off: other sites, or other habitats, are visited less. We therefore predicted that site-fidelity would lead to increased habitat selectivity. It is pleasing to see that the volunteers who are site-faithful are also visiting more of the habitats within their home-range, and thus strengthening the representativeness of the dataset. There are two potential reasons for the increased habitat selectivity of roaming volunteers (Table 2 , Fig. 3 ): (1) the volunteer is willing to visit all habitats but is unable to get to all locations available owing to issues of access, or (2) the volunteer is actively seeking out certain birds or habitats in their range owing to personal preferences. Further testing or social surveys would be required to support either hypothesis, but we believe from our behavioural analyses (Table 2) and GLM for bird selectivity (Model set 4; Table S10) that the second hypothesis is most likely, as habitat availability was not as influential as bird availability and distances travelled in driving volunteer selectivity of birds. From these analyses we can characterise two types of volunteers: (1) those who visit most of the habitats within a fairly small home-range (non-selective of habitats, generally sitefaithful), and produce high species detection rates; and (2) habitatselective volunteers (that might be site-faithful or roaming), who travel further to seek out certain interesting vegetation types or bird species that have particular 'value' (e.g. threat status), or both, which is driving their habitat selection.
Habitat preferences of volunteers have serious consequences for the representativeness and reliability of atlas data in habitats with incomplete inventories. Areas such as the inland wheatbelt of WA are of particular conservation concern given their widespread clearing and low proportion of remnant native vegetation (Saunders et al. 1991; Saunders et al. 1993) . The bias of site-faithful volunteers towards Perth (Fig. 4a, b) has resulted in incomplete data inventories in inland habitats (Table 1) , which are the preferred habitats of many bird species, including the threatened Western Whipbird (Psophodes nigrogularis) and Australian Bustard (Ardeotis australis). Underestimated species richness and missed species-environment relationships can cause management plans or policies to neglect areas that should have received higher priority (Reddy and Dávalos 2003) , which could lead to the loss of species that might occur in these habitats and have not been detected.
Consequences of bird selection by volunteers
Volunteer behaviours such as selection of habitat and birds in our study area mean that the dataset is highly biased towards only a quarter of the 321 endemic and non-endemic bird species recorded. Our finding that species are not equally recorded is not surprising, as bird species are not equally common or detectable. Several species are expected at low frequencies owing to the boundaries of the study area, as 37 of them are seabirds (e.g. albatrosses, petrels (Procellariformes)), 117 are classified as migrants, and at least 10% are predominantly tropical or aridzone species at the edge of their range. However, many species with few records are fairly large bodied and easily recognisable (e.g. Peregrine Falcon, Falco peregrinus, mean of 34 surveys per year), or at least considered secure and widespread (e.g. Fairy Martin, Petrochelidon ariel (141 surveys), Brown Quail, Coturnix ypsilophora (179), Budgerigar, Melopsittacus undulatus (121); Table S3 ). The results of our GLM explaining the number of records per bird species (Table S14), show that habitat generalists and species with a widespread distribution are well sampled in the atlas (Table S13) . Continual gathering of information on common species is useful, for example, if used to represent changes in rarer species with similar habitat use and to detect declines (Gregory et al. 2003; Gregory and van Strien 2010) . However, we found that species with specialised habitat use (e.g. species of open arid or semi-arid habitats such as chats (Meliphagidae), and those restricted to small pockets such as phalaropes (Scolopacidae) and the Noisy Scrub-bird, Atrichornis clamosus) have few records. There are also fewer volunteers surveying certain habitats (Model set 6; Tables S14, S16 of the Supplementary material), leading to greater chances of some habitat-restricted species being under-sampled, and greater risk of conservation plans ignoring areas important for these species.
Conservation planners, managers and other potential users of datasets have several options to deal with limitations of data. One possible way to assess the suitability of the data for specific analyses is to check the species lists recorded by individuals for completeness, by exploring the detection of the most common species in similar areas. Those surveyors that have not recorded the most common species could be excluded if it is thought that their lists are not representative of the detectability of all species within the home-range of the volunteer. Other options include validating the volunteer-collected data against independently collected data (Munson et al. 2010; Szabo et al. 2012) , excluding areas with inadequate data from analyses or selecting surrogates (Gregory and van Strien 2010) , using new approaches corrected for detection (e.g. MacKenzie et al. 2005; Szabo et al. 2010) or encouraging spatial spread of additional data by setting new survey thresholds or targets for the database (Tulloch et al. 2012) . A more targeted approach to surveying under-sampled habitats and poorly represented species might be of higher priority in the short-term if immediate conservation planning priorities exist, such as in our study. This can confirm if reporting rates are representative of the true abundance and distribution of species, or if species are actually less common or widespread than we think.
Guiding targeted sampling of under-sampled areas
Once managers or data custodians have determined that additional sampling of particular habitats or areas is required, the next step will be to determine who will do this sampling. Despite behaviours such as site-fidelity, home-range and selectivity of birds being continuous (Fig. 3) , the results support our initial suggestion that volunteers exhibit behavioural differences that relate to how 'selective' they are of bird species and habitats.
Site-faithful volunteers generally had smaller ranges, completed more surveys and had short travelling distances between survey sites and from Perth (Table 2 ), a finding supported by a previous survey of preferences of bird surveyors (Weston et al. 2003) . However, they submitted more records per survey and per species (see Model set 1, Table S7 of the Supplementary material), suggesting that they are more likely to detect uncommon or cryptic species that require multiple site visits for detection (Field et al. 2002 (Field et al. , 2005 . Site-faithful volunteers that are not habitat selective visit most of the habitats within their home-range, and can therefore be directed to target the remaining under-sampled habitats near Perth (Table 1, Fig. 4b ), as well as record ongoing trends from repeat visitation of habitats . Sitefaithful volunteers that are selective of habitats are probably less likely to visit habitats they find unappealing, but can be directed to habitats that they are most likely to encounter (i.e. within their home-range), in particular Salmon Gum, York Gum and mixed woodland within 200 km of Perth (Fig. 4a) .
Results of both ANOVA and GLM showed that roaming volunteers recorded higher numbers of threatened species, lower numbers of species per survey but longer total species lists, and travelled further to record these birds (Table 2) . A recent study in Great Britain also confirmed that birdwatchers are more likely to travel further for rare species (Booth et al. 2011) . These results suggest that those volunteers who are willing to travel long distances (at least 300 km from the major urban centre, and 1900 km from their home base on average; Table 2 ) over large home-ranges, to seek out the most interesting species that are of value to conservation, are more likely to record more threatened species. Roaming volunteers might even be seeking out areas of lower bird species richness and higher levels of threat. However, the cost of this roaming is fewer repeat visits per site. These volunteers are therefore ideal for searching for habitat-specific, rare and threatened birds, and completing data needs in undersampled habitats further from Perth, such as the inland mallee woodland and Acacia shrubland (Fig. 4c) . By analysing the distance of volunteer home-ranges from their home base, we have shown that the difference between site-faithful and roaming volunteers is a result of the former being largely local residents in the study area (hence the short travelling distances from the urban centre of Perth) compared with the latter group, over half of which were interstate visitors. This distinction is important, as it assists with determining how, when and where to apply mechanisms targeting these volunteers.
Despite patterns of increase in other parts of the world (Dunn and Weston 2008) , surveys of birds in south-western Australia have dramatically declined in recent years (A. I. T. Tulloch, unpubl. data) . This is most likely to be a result of a lack of incentives to maintain interest. A range of mechanisms are available to encourage surveying key gaps. Communication of goals and habitat targets with volunteers is vital, and custodians as well as government funding bodies interested in building volunteer capacity, should recognise that volunteers have needs too. For example, eBird (see http://ebird.org/content/ebird/, accessed 1 October 2012), a social networking website for the birding community, is recording increasing numbers of volunteers and surveys, owing to real-time data updating, free volunteer access to data and the ability to compare data with others online. This database also incorporates 'competitive' values of birding (e.g. tools showcasing individual efforts), and communicates data needs as they become apparent (Sullivan et al. 2009 ). Another ongoing dataset, the South African Bird Atlas Project 2 (http://sabap2.adu.org.za/index.php, accessed 1 October 2012), creates static maps of survey coverage for volunteers to view 'under-surveyed' grid cells (this database sets a constant survey rate target per cell) and determine where to visit next. Maintaining regular contact with volunteers and using species accumulation curves to adapt maps to communicate habitat or patch needs is the first step to completing inventories across broad landscapes with limited resources. However, travel distances for volunteers in Australia are often massive, and time as well as fuel costs are a serious consideration. Subsidies for fuel or overnight accommodation are the next incentive option to get volunteers to survey areas far from Perth where data are deemed incomplete.
New sampling protocols and incentives will be of little use unless the right type of volunteer is targeted. Managers setting targets for atlas work for more representative sampling schemes can use volunteers in different ways. Site-faithful volunteers can be encouraged to select one or more specific habitats within their preferred range to monitor trends over consecutive seasons and years, rather than expecting them to travel widely across the landscape. Roaming volunteers (who are often tourists) can be encouraged to fill survey gaps in order to develop better estimates of species richness, which will enable better conservation planning and determining priorities for research. They seem to be attracted to the presence of threatened or endemic species in a habitat, so one way to achieve the desired completeness of species inventory in various habitats is to emphasise the conservation value of under-sampled habitats to prospective samplers, for example the rare or threatened species that occur there. We realise that these are not rigid categories; with the passing of time the same person could 'settle' to be site-faithful or can be site-faithful at home but roaming when on holidays. Our study shows that simple behavioural ecology approaches can be used in new ways to describe human behaviour and assist with the development of new survey goals to improve the quality of large scale datasets. A database that is more useful and representative can be achieved through collaboration between stakeholders (researchers, volunteer surveyors, non-government organisations, government agencies and private as well as public environmental managers), setting of realistic goals and targets, and better communication of targets and results to the public and the scientific community.
